The shape of a single bubble floating at a gas-liquid interface, and variation of the shape with the bubble size, are calculated numerically in a non-dimensional form. The results are applied to bubbles at an air-sea water interface, and are compared with observations.
Introduction
It is believed that, when bubbles burst at the air-sea interface, sea water droplets are produced into the atmosphere, and salt nuclei thus produced play important roles not only in the precipitation process, but in the circulation of material from the ocean to the atmosphere and to the continent. C. F. KIENTZLER et al. (1954) caught photographically the first of the mechanisms of the drop production by bursting bubbles. It is disintegration of water jet formed upon collapse of a bubble cavity. D. C. BLANCHARD and A. H. WOODCOCK (1957) considered that airborne sea-salt nuclei are produced mainly by this process, from fine bubbles smaller than several hundred microns. F. KNELMAN et al. (1954) proposed a second mechanism, that was shuttering of bubble film. D. J. MOORE and B. J. MASON (1954) and B. J. MASON (1955 ; 1957) also laid stress on it.
S. TWOMEY and K. N. MCMASTER (1955) showed that a large number of minute salt nuclei was formed by drying out of a sea water droplet. This is another mechanism of the production of salt nuclei.
K. SUGAWARA and his collaborators (1949 ; 1953 and 1958) hold, from geochemical studies, that the fractionation of salts in sea water occurs when and after the sea water droplets are produced at the air-sea inter-. face, and sea-salt particles of different constituents are distributed in the atmosphere. L. FACY (1951) distinguished, with an electron microscope, small droplets of different components in products of the bursting of sea water foam. These imply that one of the above mechanisms alone is not especially important.
S. HAYAMI and Y. TOBA (1958) studied aspects of the drop production through the jet mechanism for bubbles over a wide diameter range at a still air-sea water interface, and found a critical diameter of about 4 mm in equivalent diameter (the diameter of sphere of the same volume with a bubble), namely, the efficiency of drop ejection of a bubble larger than the diameter, fell rapidly from 100 per cent for a bubble of about 4 mm, to a few per cents for a bubble of 6 mm, while smaller bubbles ejected drops regularly upon bursting. This diameter is considered to represent a limiting bubble size for the significant jet mechanism. However, larger bubbles have still larger caps which protrude on the interface and may shutter upon bursting into numerous fine droplets. 
for portion II, and,
for portion III respectively, where 7 represents the surface tension of the liquid; the density of the liquid and the gas respectively; g the acceleration of gravity;
14 and R2 the principal radii of curvature of surface at a point, of which the elevation above the still gas-liquid interface is z; and p and p0 the gas pressure inside and outside the bubble, respectively. Further, take new ordinates that has its origin at the deepest point or the bottom of a bubble (z= --n) for portion I, and Z-2, that has its origin at the centre of the sphere for portion II, namely, ( 6 ), respectively.
Then, one obtains, instead of the equation (1), in a way similar to that of Th. LOHNSTEIN (1906) for the calculation of the volume of a hanging drop, as follows.
The equation, is written, by partial integration and by the equation (7), as then it follows,
V2 is calculated by
The obtained data are entered in Table 1 . a microburette, are also added. The figure seems to show the validity of the theory and the previous experiment.
Discussion
(i) Bubble shape and the critical diamcter in drop production through jet disintegration The shape of a bubble is, in small sizes, nearly spherical and exists almost entirely below the still interface, but in larger sizes, it becomes flat to deviate from spherical shape and protrudes on the interface with large film.
As an indicator showing a deviation from sphere, take the reciprocal of the ratio between the maximum horizontal radius of a bubble, xm, to the depth of bottom of the bubble below the level where the horizontal radius of the bubble takes maximum, z1m, then the value decreases from unity with an increasing bubble size as shown in the curve A in Fig. 4 . The ratio between the width of the mouth of submerged portion of a bubble, 2xc, to the depth of the bottom below the mouth level, z1c, is shown by a curve B, which increases nearly linearly _ with an increasing equivalent represent the extent of the point of rush concentration.
From the figure, it is seen that, when a bubble is small, the rush concentration occurs within a small extent and considerably below the still interface (type 1), while, when a bubble is large, the posi- was computed for the drop that reached the maximum height, and the latter was carried out from an approximate calculation of bubble shape where the first term on the right hand side of the equation (1) and the portion III of bubble surface, were not considered. Now the excess surface energy and the potential energy were estimated approximately by use of a graph, for the three portions of a bubble, and the total excess energy and the potential energy are shown by curves A and B, respectively, in Fig. 6 . The total potential energy of all drops ejected from:a bubble of each size was calculated from the previous experimental data, taking the efficiency of drop ejection into -consideration for large bubbles, and is illustrated also in Fig. 6 . If the film of a bubble is disintegrated into fine droplets upon bursting, the energy on the film must be left out of account, and the remaining part of the excess energy is entered by the curves C in Fig. 6 . One will find from the curves C and the points in Fig. 6 that the energy efficiency is about 5 per cent for drop production by water rush of this order of magnitude, and the energy loss is to be 95 per cent. (iii) Area of the bubble cap Fig. 7 illustrates the area of bubble film, and the height of film zenith above the still interface.
The film area increases rapidly as the equivalent diameter of a bubble exceeds 4 mm, and the height of the film zenith also increases, while the film area of a bubble smaller than 2 mm is negligible, so that it is suggested that the limiting diameter for the drop production through jet mechanism represents also an actual starting point for the drop production through film shuttering. T. ABE (1957) reported that, from a study on the foam layer of sea water in a bottle, the mean thickness of the membrane surrounding a bubble is of the order of 10-3 cm. If the film of a floating bubble has a thickness of this magnitude immediately before it bursts, and the entire part of the film shutters into fine droplets and is released into the atmosphere (it is possibly expected 
